Understanding strongly correlated rare-earth intermetallic compounds requires knowledge of the nature of the fermionic quasiparticles in states near the Fermi level E F . We report on a pump-probe experiment using femtosecond time-and angle-resolved photoemission spectroscopy to determine lifetimes of hot quasiparticles in the heavy-fermion compound YbRh 2 Si 2 . An unoccupied band with electronlike dispersion and a band bottom 0.2 eV above E F was identified at¯ , in agreement with band structure calculations for the subsurface region. Hot quasiparticle lifetimes from 30 to 80 fs were found for energies between 0.4 and 0.1 eV above E F . These lifetimes generally follow the typical monotonous increase towards E F , in agreement with earlier studies on Yb and Rh elemental metals. However, at normal emission the lifetimes at around 0.2 eV exceed this trend by about +20 fs. This difference decreases with increasing photoemission angle and can be assigned to the particular band that is probed in YbRh 2 Si 2 . Potential microscopic scenarios are discussed.
I. INTRODUCTION
Intermetallic systems containing elements with a partially filled 4f or 5f electron shell exhibit a wide range of exotic phenomena such as, e.g., valence fluctuations, quantum criticality, magnetic order competing with superconductivity, or heavy-fermion (HF) and Kondo behavior. The reason for this variety of phenomena has to be in the details of the electronic structures around the Fermi level E F , which are intimately connected to the material properties. Hence a great deal of attention has been given to the similarities and peculiarities among the electronic structures of rare-earth intermetallics. The general difference to, for instance, transition-metal systems, characterized by dd correlations, is the presence of the very localized, almost atomiclike f electrons of the rare-earth ions. The interaction of these states with itinerant s, p, or d states of the transition metals are thought to be behind many of the unusual material properties. In order to understand these interactions and the involved localized-itinerant duality of fermions in those systems a profound knowledge of their role in the electronic structure around E F is needed.
Angle-resolved photoelectron spectroscopy (ARPES) probes the momentum-dependent electronic structure E(k) directly and can provide information on, for instance, effective masses of the electron quasiparticles. With the realization of pump-probe photoemission instruments further information has become accessible: the dynamics of excited quasiparticles down to femtosecond (fs) and even attosecond (as) time scales. [1] [2] [3] It has thus become possible to study elementary processes such as electron-electron or electron-phonon scattering with momentum resolution which has generated significant experimental input for a wide range of material classes. Among others, the quasiparticle dynamics at noble-metal surfaces, 4 in two-dimensional films and charge-density wave materials, 5 and in high-T c superconductors [6] [7] [8] have been examined. However, because of the imbalance in the occupation of states below and above E F at sensible pump fluences it is not trivial to study the dynamics of excited states with pump-probe photoemission, especially closely above E F . Typically this problem is approached by means of two-photon photoemission (2PPE) where the photon energies of the pump and probe pulse are limited to /2 <hω < , with the material's work function. 2, 3 This prohibits direct photoemission from the occupied electronic states below E F due to absorption of a single photon and only the desired information about the excited, previously unoccupied states enters the photoemission spectrum. However, standard 2PPE puts severe limitations on the usable photon energy range for both the pump and the probe beam. As a result, not all desired excitations may be applicable. Vice versa, 2PPE is not compatible with high-photon energy probe pulses in the extended ultraviolet (XUV) and soft x-ray range as provided by high-harmonic generation (HHG) or free electron laser sources. But, in particular, for transition-metal and rare-earth compounds it is highly desirable to go to higher photon energies. The interesting correlation effects found in these materials are mainly due to the d and f states which show notable photoemission cross sections only in the XUV range. Appropriate schemes for time-resolved photoemission at these energies are currently developed. 9, 10 We performed pump-probe photoemission experiments on the HF compound YbRh 2 Si 2 using infrared (IR) pump and ultraviolet (UV) probe pulses with a photon energy above . YbRh 2 Si 2 has been one of the most intensively studied rare-earth compounds since the discovery of a quantum critical point in its phase diagram. It is characterized by a complex interplay of the localized 4f states of Yb and itinerant valence states of Rh at E F . [11] [12] [13] The Yb ions in YbRh 2 Si 2 are  intermediate valent, but close to the trivalent, 4f 13 electron configuration.
14 The 4f 14 levels are only partly populated. In selected regions of the Brillouin zone (BZ), those levels are pushed above E F by few meV due to the hybridization with valence bands. Unfortunately, this cannot be studied directly with pump-probe photoemission because the region a few meV above E F is dominated by the hot electron gas created during the pump process. It was, however, possible to look at their antagonists, the Rh valence bands that take part in the formation of heavy 4f bands. Here we report hot electron lifetimes in excited valence band states closely above E F . In particular, we found notably extended quasiparticle lifetimes around the¯ point of the Brillouin zone where heavy 4f bands have been found previously.
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II. EXPERIMENTAL DETAILS
For the time-resolved ARPES (trARPES) measurements an amplified Ti:sapphire laser system operating at 300 kHz repetition rate and an ultrahigh vacuum system equipped with an electron time-of-flight (TOF) spectrometer were combined. The femtosecond laser pulses were used to optically excite (pump) the samples and to subsequently probe the pumpinduced change of the electron distribution. The employed experimental setup is described elsewhere. 5, 15 In the present experiment, the pump beam was generated by an optical parametric amplifier (OPA) operating in the IR and the photon energy was set to 0.95 eV. We used incident pump fluences of 100 μJ/cm 2 . The probe beam was generated by quadrupling of the fundamental output of a Ti:sapphire amplifier which provides femtosecond pulses at 6.0 eV. The delay between pump and probe beam can be adjusted with an optical delay stage.
The overall time resolution was determined by fitting a Gaussian to the pump-probe cross correlation (XC), yielding 70-80 fs full width at half maximum. A TOF spectrometer with an acceptance angle of 3
• , corresponding to a momentum resolution of about 0.05Å −1 , and an energy resolution of 10 meV at 2 eV kinetic energy was used for photoelectron detection. To obtain angular resolved spectra the sample was gradually rotated around the axis in the sample surface plane in order to measure off-normal emission. A scheme of the experimental setup is shown in Fig. 1 . The single-crystal samples were cleaved in situ in ultrahigh vacuum with a base pressure p < 10 −10 mbar at T = 30 K and kept at this temperature during the measurements. Excellent crystal quality has already been demonstrated in a number of previous ARPES experiments. 12, 13 The work function was found to be about 4.0 eV. Figure 2 shows ARPES spectra taken for a series of emission angles around normal emission with the pump-probe delay fixed at t = 50 fs. Several bandlike features can be distinguished both in the logarithmic and the linear plot which disperse as one moves away from¯ , the center of the surface Brillouin zone: Two holelike bands, (1) and (2) in the probed occupied electronic structure between E F and E − E F = −2 eV, where the low-energy cutoff of the spectra sets in. Above E F , between 0 and 0.95 eV energy, a population of hot electrons is built up by the optical excitation with the IR pump pulse. In this energy range a third, electronlike dispersing band, (3) , is detected with the band bottom at 0.2 eV above E F . This photoemission feature persists even for t > 100 fs and its energy position relative to E F does not change with the pump photon energy. Hence it is not due to photoemission from occupied states with (hω IR +hω UV ) via virtual intermediate states which can occur when the pump and probe beam temporally overlap. Instead, it reflects a part of the unoccupied band structure that was populated by the optical excitation.
III. EXPERIMENTAL RESULTS
The observed occupied band structure is very different from ARPES data obtained with synchrotron light in the photon energy range from 45 to 110 eV. 11 This is due to the very different photoemission cross sections in the XUV and at 6 eV photon energy. In the XUV one is most sensitive to states with d and f orbital character while states with lower angular momentum character dominate spectra taken in the near-optical range. 16 In particular, contributions of Yb 4f states become very weak below 20 eV photon energy. 17, 18 Figure 3 shows the evolution of the Yb 4f 7/2 intensity at E F in YbRh 2 Si 2 as the photon energy is gradually decreased from 40 eV down to 6 eV. With the UV laser pulses the 4f peak is hardly distinguishable. Very recently a photoemission experiment on YbRh 2 Si 2 was reported where a laser source operating at 7 eV photon energy had been used. 19 Despite the very low photoemission cross section the 4f 7/2 states at¯ came out clearly. Note that this experiment had been done with a very-high-energy resolution of only 3 meV which allows to better separate the sharp 4f states from the Rh surface band approaching them. 12 We cannot achieve that with our pumpprobe setup because of the lower-energy resolution of our TOF detector and the large spectral bandwidth of the fs laser pulses which are both of the order of E = O (10 meV). Also note that we cannot estimate to which extent Yb-terminated surface regions are also covered by the beam spot. In that case, a rather broad Yb 4f 7/2 peak at −0.7 eV is observed at higher photon energies 20 which could not be separated from valence band photoemission at low photon energies.
To assign the dispersive features (1)-(3) we performed full-relativistic band structure calculations for a slab modeling the YbRh 2 Si 2 crystal. They allow to determine the symmetry of the bands as well as to discriminate between their surface and bulk origin. Details of the calculations are described elsewhere, 11 but this time Yb 4f states were taken into account in the valence basis set. The results are shown in Fig. 4 for the relevant region around¯ and assuming a Si terminated surface. Reasonable agreement with the experimental data for the regions below and above E F is found when considering both subsurface and bulk bands with p symmetry (upper two panels of Fig. 4 ). For the energy region between 0.2 and 0.4 eV the calculations suggest the presence of multiple bands whereas only one peak is seen in the experimental data. It may be possible that more than one band contributes to the experimentally observed state above E F . Note that the energy positions of experimentally observed and calculated bands do not necessarily coincide, in particular where 4f and valence states interact. The p bands above E F might be closer together than the calculations suggest.
As mentioned above, the dispersive band (3) remains visible in the spectra even for pump-probe delays t > 100 fs, which is far longer than the combined temporal width of pump and probe pulse. This enabled us to study the dynamics of the quasiparticles close to E F as a function of electron momentum. To this end, we varied the angle between surface normal and detector from 0
• (¯ ) gradually to higher emission angles and measured the photoemission spectra as a function of t. The (3) is observed on top of a background close to E F (see Fig. 1 ). When going to off-normal emission [ Fig. 5(a) , middle and lower panel], band (3) starts to overlap with the virtual image of the occupied band (2) due to the electronlike and holelike dispersion of the two features, respectively. This and a loss in intensity and contrast prevent the separation of band (3) from the background for emission angles higher than ∼6
• . Therefore, we restrict our analysis to small k values. The energy-dependent lifetimes τ (E) of the electron population above E F were determined by analyzing the timedependent population in Fig. 5 (a) within separate energy intervals of 10 meV width each. For the fit analysis we assumed two components, as shown in the upper panel of Fig. 5(b) : a Gaussian approximation to the pump-probe cross correlation and a single exponential decay, convolved with the XC. The Gaussian component accounts for the intensity which forms the background for feature (3) in Fig. 1 . This contribution is symmetric around t = 0 fs and reflects photoemission from occupied states via virtual intermediate states due to simultaneous absorption of both an IR and an UV photon. It dominates the intensity between 0.8 and 1.0 eV and was used to determine the cross correlation (XC) between pump and probe pulse. We obtain typical values for the XC width of 70-80 fs. Our interpretation of this intensity is supported (i) by the cutoff at E − E F = 0.95 eV, which reflects the Fermi edge, and (ii) by the feature near 0.45 eV, which is exactly 0.95 eV above band (2) . The second contribution accounts for the hot electron population and we use a single exponential decay convolved with the XC. In this case, the exponential time constant reflects the hot electron lifetimes. Both contributions are shown in Fig. 5(b) , together with the experimental data they shall describe. Note that for E − E F larger than ∼0.45 eV the • and 6
• off normal emission. As a reference we show published previously data for Rh and Yb metal (Refs. 21 and 22) . The inset shows a simplified two-level hybridization model illustrating the coupling between valence and 4f states in YbRh 2 Si 2 . The red, blue, and green boxes denote the k intervals probed at 0
• , 4
• , and 6
• emission angle, respectively.
electron population became too low to give meaningful fit results.
The lifetimes which we obtained at the different emission angles for 0.08 eV < E − E F < 0.42 eV are shown in Fig. 6 together with data previously published for Rh metal 21 and Yb metal. 22 As a general trend, our data show decreasing quasiparticle lifetimes with increasing energy above E F , as the Fermi liquid theory (FLT) predicts. 23 However, at¯ and at the energies of band (3) a sudden jump in the electron lifetime occurs which deviates from the FLT prediction and from lifetimes observed in Yb or Rh. When going away from this deviation is reduced and the behavior resembles more the behavior found for the simple metals.
IV. DISCUSSION
It has already been known from studies of Yb and Rh elemental metals that electron-electron scattering involving 4f and 4d electrons leads to deviations in quasiparticle lifetimes from the FLT predictions. 21, 22 However, the observation was still monotonously increasing hot electron lifetimes towards E F , in contrast to what we observe here between 0.2 and 0.4 eV. Compared to elemental Yb or Rh metal, YbRh 2 Si 2 is a rather nontrivial material characterized by a complex electronic structure and strong electron correlations. In this light, several scenarios can be conceived which could explain our observations. First, with increasing energy (E − E F ) a new band is reached at ∼0.2 eV. The new band can certainly have a different self-energy than the electrons probed between E F and the band bottom, possibly leading to the peculiar dependence of τ (E). On the other hand, an electronic intraband scattering process such as observed before in image potential states 085139-4 on noble-metal surfaces 24 could be responsible. Intraband scattering towards the band bottom would lead to a delayed population of states at¯ . This could also explain the angular dependence of the lifetimes. A delayed population above E F could also built up by the decay of holes generated during the optical excitation, e.g., in the bands 0.5 and 0.7 eV below E F . Such processes were discussed to explain results on Cu(111) which resemble the ones reported in Fig. 6 . 25 However, in Cu the peak in emission intensity fell together in energy with a lifetime minimum, and the jump in quasiparticle lifetimes was observed at higher intermediate state energies, where the photoemission intensity has already died down. Moreover, the dynamics reported there are the average over a large part of the BZ and where also observed in polycrystalline Cu samples. 26 Both is very different to our data, where the sudden jump in the quasiparticle lifetimes is seen at a maximum in photoemission intensity and related to a particular k . Transient excitonic states may explain our data, too. The photon energy 0.95 eV used for the optical excitation meets the energy separation between the occupied band (1) and band (3) at¯ . Thus direct optical transitions, transferring an electron into (3) and leaving a hole in (1) behind, could be possible. With the electron and hole already in the respective potential minima, a transient excitonic state with a different lifetime may form at¯ . 27 But transient excitonic states in metals are thought to exist only on very short time scales, significantly shorter than those discussed here, because of the almost instantaneous buildup of a screening charge cloud. 28 On the other hand, scattering involving phonons (or other bosons) is known to occur on much slower time scales than the ones reported here (picoseconds instead of femtoseconds-see, for instance, Refs. 6,15, and 29). We can therefore exclude the significance of such processes for our experimental findings.
Another potential scenario involves the Yb 4f 7/2 states at E F in YbRh 2 Si 2 . It is known that valence states close to E F can be subject to hybridization with the atomiclike, localized 4f states. [11] [12] [13] Our full-relativistic calculations show that band (3) is to couple to the Yb 4f 7/2 levels at E F due to their similar symmetries. This is sketched with a simple two-level model in the inset of Fig. 6 . Hybridization between band (3) and the 4f 7/2 states at¯ would induce an electronlike dispersion of the 4f level, which indeed was observed previously. 12 One can speculate that this hybridization will lead to a stronger localization of the involved valence states, reducing the scattering rate with the sea of itinerant electrons. In recent ab initio GW + T calculations on Yb metal the inclusion of interacting valence 4f states resulted in significantly larger quasiparticle lifetimes than when the 4f states were treated as core states. 22 Furthermore, from conventional ARPES it can already be anticipated that hybridization to f states leads to extended quasiparticle lifetimes, because the natural linewidth of the respective spectral features is considerably narrower than that of other valence band features. The effect of hybridization on the 4f levels has already been studied in great detail with conventional ARPES. Deviating from the behavior of noninteracting 4f states, bandlike dispersion, and level crossings of the crystal field split states were found. 12 Much less is known about the effect of hybridization on the valence states that take part in the formation of heavy bands. If the hybridization scenario is responsible for the experimental observations, interesting perspectives for further studies of the detailed mechanisms and consequences of the interaction of localized and itinerant electronic states will open up. In particular, experimental insight into how exactly HF behavior is reflected in the dynamics of the involved quasiparticles can be gained.
On the basis of the present data, we cannot make definite claims which of the proposed scenarios is responsible for the extended quasiparticle lifetimes at¯ . For instance, delayed electron populations have been observed before and successfully modeled by using simple rate equations. 30 We repeated the fit analysis shown in Fig. 5(b) by using an appropriate set of rate equations instead of a single experimental decay and obtained a similarly good agreement with the data. Hence a delayed population of the states lies well within the scope of the data presently at hand. Further experimental efforts are needed to exclude or substantiate some of the proposed scenarios. For instance, one can repeat the measurements at different pump beam energies. If the behavior found at 0.95 eV vanished at higher photon energies, that would support the scenario involving excitonic states. Other scenarios, on the other hand, shall not depend much on the particular excitation energy. Using a two-dimensional channel plate detector one could follow the dynamics of the electron population in different parts of the Brillouin zone at the same time, which would allow to identify intraband scattering processes.
The correlation of hybridization to localized Yb 4f states at E F and the extended quasiparticle lifetimes in band (3) could be verified by demonstrating a high f character contribution to band (3) at¯ . Such a contribution is a signature of hybridization to the 4f levels. To do that one has to go to higher probe beam energies in the XUV range, to 110 eV, where photoemission from states with no f orbital character is suppressed. 31 This photon energy range is becoming more and more accessible for trARPES experiments with the currently developed HHG laser sources. Note that the experiment reported here has been conducted in a nonstandard scheme, withhω > , that is readily transferable to high probe photon energies.
V. SUMMARY
A dispersing, subsurface state with the band bottom at and only 0.2 eV above E F was found in YbRh 2 Si 2 by means of pump-probe photoemission. At¯ , the lifetimes of excited quasiparticles that can be assigned to this band notably stand out from those found for other excited hot electrons and those reported in previous studies of Yb and Rh metal. These differences decrease when going away from¯ . Several microscopic scenarios that could explain our observations were discussed, also in light of potential further experimental studies. From the point of view of heavy-fermion physics, it will be particularly attractive if the extended quasiparticle lifetimes in the valence state can be unambiguously related to interaction with the 4f levels at E F and the resulting formation of heavy bands. 
